Ligation between glucocorticoid-induced tumor necrosis factor receptor (GITR) and its ligand (GITRL) provides an undefined signal that renders CD4 ؉ CD25 ؊ effector T cells resistant to the inhibitory effects of CD4 ؉ CD25 ؉ regulatory T cells. To understand the structural basis of GITRL function, we have expressed and purified the extracellular domain of human GITR ligand in Escherichia coli. Chromotography and cross-linking studies indicate that human GITRL (hGITRL) exists as dimers and trimers in solution and also can form a supercluster. To gain insight into the nature of GITRL oligomerization, we determined the crystallographic structures of hGITRL, which revealed a loosely associated open trimer with a deep cavity at the molecular center and a flexible C-terminal tail bent for trimerization. Moreover, a tetramer of trimers (i.e., supercluster) has also been observed in the crystal, consistent with the cross-linking analysis. Deletion of the C-terminal distal three residues disrupts the loosely assembled trimer and favors the formation of a dimer that has compromised receptor binding and signaling activity. Collectively, our studies identify multiple oligomeric species of hGITRL that possess distinct kinetics of ERK activation. The studies address the functional implications and structural models for a process by which hGITRL utilizes multiple oligomerization states to regulate GITR-mediated signaling during T cell costimulation.
M
embers of the tumor necrosis factor superfamily (TNFSF) and their cognate receptors (TNFRs) mediate important roles in diverse cellular events involved in the immune system. Glucocorticoid-induced tumor necrosis factor receptor (GITR) belongs to the TNFR family (member 18) and is constitutively expressed on CD4 ϩ CD25 ϩ regulatory T cells and certain activated T cells (1) (2) (3) (4) (5) . GITR is involved in controlling T cellmediated responses including organ-specific autoimmunity, chronic infection, and antitumor immunity (6, 7) .
The natural ligand of GITR (GITRL) belongs to TNF family and is a type II transmembrane protein. GITRL is expressed on endothelial cells, dendritic cells, macrophages, and B cells but not in T cells (8) (9) (10) , and this distribution supports its functional role in the process of T cell activation. GITRL expression is transiently up-regulated and then down-regulated by triggering of T cell receptor (11) . A recent study revealed that GITRL influences immune regulation of tryptophan catabolism through reverse signaling (12) .
GITRL-GITR interactions are involved in the interplay among regulatory T cells, effector T cells and antigen-presenting cells (13) . GITR stimulation by GITRL or agonist anti-GITR antibodies reverses regulatory T cell suppression, leading to enhanced immunity to tumors and viral pathogens, and to exacerbated autoimmune diseases (3, 4, 6, 7, (14) (15) (16) (17) . For example, expression of GITRL on tumor cells delays tumor growth and increases T cell infiltration (18) . In other models, treatment with GITR agonistic antibody may break self-tolerance and generate therapeutic immunity (19) . These studies indicate that GITRL-GITR interactions represent a pharmacological target for the treatment of certain diseases or conditions.
Among TNF/TNFR superfamily members that are involved in cell regulation, a group of costimulatory ligands/receptors including GITRL/GITR, CD40L/CD40, and OX40L/OX40 mediate T cell survival and activation. Soluble forms of GITRL have been detected and suggested to represent regulatory molecules (12, 20) . A recent study of HIV vaccine adjuvants revealed that plasmids expressing multimeric soluble CD40L or GITRL induced stronger T cell responses than trimer-only species (21) . To better understand the signaling mechanism of these costimulatory molecules, we and others have recently determined the structural basis by which mouse GITRL (mGITRL) exists as a dimeric TNF species (22, 23) . Here, we show that human GITRL (hGITRL) exists in an equilibrium of dimeric and trimeric forms and may also organize into higher-order superclusters that are functional.
Results

Recombinant Soluble hGITRL Exists As an Equilibrium of Dimer and
Trimer in Solution. We expressed the extracellular domain (residues 50-177) of hGITRL and purified the soluble protein, which was visualized as a single band on SDS/PAGE. Gel filtration experiments using the purified protein indicate that hGITRL exists as a mixture of dimers and trimers in solution (Fig. 1a) . When the protein isolated from either the dimer or the trimer peak was subjected to another round of chromatography, both the dimer and trimer peaks reappeared in the same ratio, indicating a dynamic equilibrium between these oligomeric forms. It appears that the dimer is more stable than the trimer because the dimer species could be observed on SDS/PAGE and Western blot by using fresh samples without boiling, whereas no discernible amounts of trimer species could be detected under the condition of these methods [supporting information (SI) Fig.  S1 ]. Interestingly, we did not observe significant amounts of monomeric species existing in solution by gel filtration (Fig. 1a) using hGITRL samples that were either treated or not treated with cross-linking reagent (see below and Discussion).
Surface plasmon resonance (SPR) analysis confirmed the receptor binding ability of the recombinant hGITRL (Fig. 1c) . Different shapes of the sensorgram curves as a function of the ligand concentration are indicative of changes in the binding kinetics due to the heterogeneity of the sample. Although low concentration curves fit to a simple 1:1 Langmuirian model with the dissociation constant values between 0.4 and 0.7 M, the binding becomes more complex at higher concentrations at which it can no longer be described as a one-step interaction. Apparently, self-association of hGITRL leading to the formation of rapidly dissociating complexes occurs at higher ligand concentrations and contributes to the receptor-ligand interaction signal. The receptor binding affinity observed for hGITRL is lower than typical affinities observed for receptor-ligand interactions in other members of TNFR superfamily.
hGITRL Forms a Loosely Assembled Open Trimer in Crystals. Despite the failure of mouse GITRL to interact with human GITR (hGITR) (data not shown), we have noted that human and mouse GITRL orthologs share 55% sequence homology. As expected, their overall monomer structures are very similar with an rmsd of 1.7 Å when we superimposed all of the C␣ atoms except for those in the C terminus (Fig. 2a) . For instance, the ␤-strand F exists similarly as two discontinuous fragments in both structures. However, in contrast to the mGITRL dimer, hGITRL associates as an open trimer with either pseudo or crystallographic threefold symmetry in two crystal forms (with space group C2 and P6 3 ) that we obtained (Fig. 2b) .
There are three distinct copies of hGITRL trimers in the two crystal forms, namely, one symmetric trimer and two quasisymmetric trimers. The overall assemblies of all three hGITRL trimers are similar. Compared with the intimately intertwined hydrophobic tiling around the threefold axis characteristically observed for TNFSF members (24) (25) (26) , the trimeric core packing of hGITRL is significantly weakened by the reduced number and size of hydrophobic residues involved in the interactions (L42, L118, and T87) (Fig. 2c) . A total of Ϸ3,500 Å 2 accessible molecular surface was buried, which is considerably less than the average of 12,000 Å 2 for TNFSF trimers. As a result, a cavity with a large opening is formed at the hGITRL trimer interface, which has not been observed for other TNFSF members. The cavity is large enough to accommodate compounds that may help to stabilize or destabilize the hGITRL trimer.
Molecular profile analysis of the asymmetric trimer revealed that only one of the three protomer-protomer interfaces forms a regular crevice that is considered to represent the receptorbinding site. The other two interfaces form grooves with varied depths. These grooves break down when the two neighboring Fig. 1 . Biophysical characterization of wild-type and C-terminal deletion mutant hGITRL. (a) Wild-type hGITRL was eluted from Superdex 75 column as two peaks, with calculated molecular masses of Ϸ27 and Ϸ43 kDa, corresponding to dimer and trimer, respectively, whereas mutant hGITRL appeared as a single peak of Ϸ27 kDa, corresponding to a dimer (b). Surface plasmon resonance analysis shows that wild-type hGITRL has modest receptor binding activity (c), whereas mutant hGITRL does not have significant receptor binding at the concentration tested (d). protomers progressively lose contact and separate with each other at the ends of the molecules. Accordingly, unequal amounts of molecular surface are buried for each protomer, 1,314, 1,227, and 1,033 Å 2 , respectively. Distinct numbers of solvent molecules are distributed on the three protomerprotomer interfaces (Fig. 2b ). In addition, one of the three protomers in hGITRL asymmetric trimer displays relatively higher B-factors.
hGITRL C Terminus Is Flexible yet Critical for Trimer Formation and
Signaling. In contrast to the high overall structural similarity between human and mouse GITRLs, the orientations of their C termini are different. The C terminus of mGITRL is highly extended as a protruding arm to join the ␤-sheet AЈAHCF of the other protomer, leading to an intermolecular ␤-sheet stabilized dimer (22, 23) . However, in hGITRL, the C terminus (L118-S125) is bent into a hook-shaped loop, traversing the surface of the ␤-sheet AЈAHCF of the next protomer ( Fig. 2b and Fig. S2) . Notably, the apex (residues P121-I124) of the C terminus hook slightly knocks into the surface of the ␤-sheet through packing the side chains of P121, F123, and I124 against the ␤-strand A and AЈ from that ␤-sheet.
Superimposition of all hGITRL trimers, as well as B-factor analysis indicated that the C terminus is flexible although it is involved in the trimeric interactions as described. In fact, most of the C termini observed in P6 3 space group were partially disordered, also reflecting its flexible nature. However, removal of the C termini from the hGITRL trimer decreased the total buried molecular surface by 34% (from 3,500 to 2,300 Å 2 ). These observations indicate that hGITRL C termini play an important role in stabilizing the trimer, although at the same time the flexibility of this region may also introduce conformational changes affecting the oligomerization.
In keeping with the structural analysis, gel filtration and cross-linking studies revealed that deletion of the C terminus distal three residues (Phe-Ile-Ser) disrupts the open trimer, rendering hGITRL exclusively as a dimer in solution (Figs. 1b  and 3 ). We reasoned that the oligomerization change that resulted from the C terminus removal might also lead to modified receptor-binding and signaling behavior. Indeed, SPR analysis showed that the receptor binding activity of the Cterminal deletion mutant hGITRL is substantially lower than that of the wild-type ligand (Fig. 1d) . Moreover, cross-linking did not capture a detectable amount of putative complex formed between the mutant ligand and the wild-type receptor, confirming the SPR results. hGITRL was detected as a mixture of dimers and trimers by gel filtration, and was reduced to monomers under the condition of SDS/PAGE. However, cross-linking analysis revealed that hGITRL may also form clusters of higher molecular weight (Fig. 3) . These clusters seem to exist transiently in solution and covalent bonding is required to stabilize them.
Interestingly, in the crystal lattice of the P6 3 space group, 12 hGITRL monomers associate together, forming a tetramer of trimers (Fig. 4) . The overall organization of the hGITRL tetramer of trimers appears similar to that observed for TALL-1, which is also capable of forming functional superclusters (27) . Interactions between the neighboring trimers are mediated by residues clustering at the molecular surface of AЈBЈ, BC, and FG loops, and BЈ, B, and G ␤-strands. Specifically, residues P76, P77, N80, V82, E88, L90, Q91, and V144 from both interacting subunits are involved in the crystal defined tetramer of hGITRL trimers. It is worth noting that all 12 subunits in hGITRL tetramer of trimers are orientated toward the same putative membrane (Fig. 4b) . As such, the N termini of all subunits in the cluster may be anchored to the surface of a single cell. The spatial organization of the ligand molecules also allows multiple receptor molecules to simultaneously approach all of the binding sites in the cluster without steric hindrance.
Oligomerization Status of hGITRL Affects Its Biological Activity. The MAP kinase pathway is activated by a wide variety of external signals leading to cell proliferation or differentiation (28) . GITRL-GITR signaling activates MAPKs and NF-B (29-31). We have confirmed that human macrophage cell line THP-1 expresses GITR (Fig. 5a) . To compare the biological activity of different forms of hGITRL, we treated THP-1 cells with purified proteins of wild-type hGITRL, C-terminal deletion mutant hGITRL and cross-linked wild-type hGITRL, and examined the phosphorylation states of ERK (Fig. 5b) . Fig. 3 . Cross-linking analysis of wild-type and mutant hGITRL. After crosslinking using BS3, equal amounts of samples were loaded for SDS/PAGE analysis. Sample names were labeled on the upper side. Note that wild-type hGITRL can form high-molecular-weight superclusters binding to hGITR, whereas mutant hGITRL forms can only form dimer and shows weak receptor binding. Different oligomeric states of hGITRL were labeled. WT-hGITRL, wild-type hGITRL; Cdel-hGITRL, C-terminal deletion mutant hGITRL; WThGITR, wild-type hGITR. Notably, the organization of the cluster allows all of the subunits to be anchored on a same putative membrane. Our data showed that wild-type hGITRL (dimer plus trimer plus transient supercluster) induced significant ERK phosphorylation within 5 min, whereas the phosphorylation level was attenuated afterward. The mutant hGITRL (dimer) failed to induce strong ERK phosphorylation initially at 5 min although an increased phospho-ERK level was observed at a later time point (30 min). The cross-linked hGITRL (dimer plus trimer plus stabilized supercluster) leads to a constant and even stronger ERK activation than does wild-type hGITRL alone. These observations support the SPR analysis and cross-linking studies showing that mutation forced dimerization of hGITRL substantially reduced the receptor-binding activity, whereas stabilized superclusters have better receptor binding.
Discussion hGITRL Trimer Has High Plasticity and May Convert into a Dimer by
Losing One Protomer. Our data indicate the existence of dimeric forms of hGITRL. However, it is unclear how this species is generated and what its role would be in T cell function. We found that the dimeric form may originate from the unusual plasticity of the hGITRL open trimer. The strongest indicator of the trimer's flexibility is its capacity to convert from a symmetric assembly to an asymmetric one in which the three protomers are unequally packed against one another.
As the concentration of hGITRL decreases in solution, the trimer can convert into a dimer by losing one of its three protomers, a process that is likely facilitated by structural aspects of the C terminus. In fact, multimeric assembly analysis of the asymmetric trimer indicates that the subcomplex formed by only two protomers stably exists in solution. This is consistent with our solution studies showing that the oligomeric species of hGITRL include significant amounts of dimer. However, we did not observe significant amount of monomers in solution under the condition of gel filtration experiment, suggesting the interconversion between hGITRL trimer and dimer is a rather quick process.
Furthermore, the molecular surface of the ␤-sheet AЈAHCF used for oligomerization is highly conserved between human and mouse GITRLs (Fig. 2a) . This feature indicates that hGITRL may form a mGITRL-like dimer, which is presumably more stable than the monomer in solution because the entire hydrophobic surface of the ␤-sheet AЈAHCF would have to be exposed to solvent in monomer species (Fig. S3) . Finally, despite a conserved overall structure, the C-terminal orientations are different in human and mouse GITRLs, reflecting a dominant role of the C terminus conformation as a determinant of distinct oligomerization states.
hGITRL Dimer May Act As a Regulatory Intermediate Form of the Ligand Functional Units. As mentioned, the recombinant wild-type hGITRL protein is heterogeneous and shows lower receptorbinding activity compared with other TNFSF members. The lower affinity observed for the soluble hGITRL can be explained by less active molecular species that exists in the heterogeneous sample. Considering its specific conformation and geometry, the loosely assembled open trimer may not be very active, and perhaps not sufficient for effective signaling before further clustering. As a reduced intermediate of this open trimer, the hGITRL dimer is likely to represent an even less active species as indicated by mutagenesis. However, the high-order supercluster of hGITRL that we observed may prove to be an active functional unit that is able to form and that is used together with dimer and trimer to regulate the GITR-mediated signaling.
We propose that the hGITRL dimer is a self-inhibitory form involved in negative modulation of downstream signaling. A recent structural study of a small molecule TNF-␣ inhibitor has revealed it acts by promoting dissociation of a single subunit from the preassembled TNF trimer, thereby rendering the inhibitor-bound TNF dimeric species incapable of signaling through the TNF receptor (32) . In the case of hGITRL, the open trimer may naturally lose one subunit and then undergo conformational readjustment to form an inhibitory dimer. The experimental C-terminal deletion as expected promotes all other forms of the GITR ligands to form dimers.
The mutation-forced dimeric species of hGITRL did not form high-order complexes (Fig. 3 ) and failed to show significant receptor binding activity as judged by SPR (Fig. 1d) . Moreover, the cell-based assay indicated that it induces delayed ERK phosphorylation (Fig. 5) . Compromised signaling leading to delayed ERK activation has been previously defined. For example, a study of the mechanism of estrogen-induced human thyroid tumor growth has revealed that a specific estrogen antagonist ICI 182780 prevented the rapid temporary ERK activation induced by E2, leading to delayed ERK phosphorylation (33) . The altered ERK activation may have important biological consequences because kinetic differences (''slow and sustained'' versus ''fast and transient'') in ERK signaling determine cell fate as life or death during T cell selection (34, 35) .
Functional hGITRL Superclusters Explain Signal Amplification. Both solution and crystallographic studies revealed that hGITRL may form high-order superclusters. Cross-linking stabilized superclusters corresponding to ligand-receptor complexes in the case of wild-type hGITRL, suggesting that wild-type hGITRL, but not the dimeric mutant hGITRL can form a functional cluster able to bind receptors (Fig. 3) . Notably, the cross-linking treated wild-type hGITRL leads to more persistent ERK activation that is stronger than that induced by untreated wild-type hGITRL (Fig. 5) , indicating an enhanced signaling activity of the highorder oligomers. These observations support our contention that the supercluster, i.e., tetramer of trimers we observed in crystals, is not an artifact but is physiologically relevant. hGITRL may form such functional clusters under physiological conditions in which the ligand molecules could be locally enriched. It is also conceivable that membrane restriction as well as receptor binding may act to induce and stabilize the clustering.
Superclustering of TNF ligands has been suggested before as a means of signal amplification (27) . Ligand superclusters may engage multiple receptor molecules to form a two-dimensional signaling network (36) . Increasing biochemical and structural data suggest that the high-order clustering of TNF family ligands could play an essential role in signal transduction initiation for this superfamily (37) . For example, the membrane-bound form of Fas ligand (FasL) induces apoptosis whereas the soluble trimeric FasL is not able to unless clustered by cross-linking or engineering to form at least hexamer (38) . Similarly, cross-linked or multimeric CD40L is required to efficiently trigger CD40-mediated signaling (21, 39) . Other studies suggested that soluble EDA-A1 and EDA-A2 are activated by forming hexamers or high-order clusters (40, 41) . It has been argued by Holler et al. (38) that, for TNFSF ligands that have limited or no activity in soluble form, the interactions of two or more trimeric molecules to create hexamers or higher-order clusters, render the soluble species biologically active.
Interestingly, soluble GITR ligand has also been shown to be stronger costimulatory molecules when engineered to form multiple trimers (21) . Therefore, clustering of hGITRL may also represent a functional form of the cytokine to activate the trimeric ligands, as suggested for TALL-1, another TNF family member that also forms high-order oligomers (42) . As previously argued, this feature reflects a more universal mechanism by which soluble forms of TNF ligands that are inactive gain activity by forming high-order oligomers that are able to trigger efficient signaling at an active threshold (37, 38) . Our data with hGITRL oligomerization and MAPK activation support this notion.
The existence of hGITRL supercluster in solution is transient and unstable. This feature suggests its formation may be conditional for certain physiological events. Considering its potent signaling effects, the supercluster species is probably required to only maintain a relatively low concentration, because massive ERK activation induced by hGITRL (Fig. 5) would eventually lead to deregulation of many other cellular events.
Biological Implications of the Multiple hGITRL Oligomeric Species. In addition to an open trimer that is atypical for TNF family members, we have identified two oligomeric forms of hGITRL, namely, the dimer and supercluster species that potentially resemble mouse GITRL (22) and TALL-1 (27), respectively. Of note, these oligomeric species may result in ERK activation with distinct kinetics, which in turn determines cell fate as life or death. Our cross-linking of full-length hGITRL on the surface of 293 cells (data not shown) revealed similar results as did the recombinant hGITRL in vitro (Fig. 3) , suggesting that the bacterial expressed hGITRL was properly folded and that N-glycosylation does not affect its oligomerization significantly.
Interactions between GITRL and GITR are involved in T cell immunity in which context-dependent responses are required to differentially control and fine-tune signaling. Perhaps multiple oligomerization levels of the ligand molecules provide a natural means to regulate its activity. In this process, we hypothesize that the dimer and the supercluster represent an inhibitory state and an amplified signaling state, respectively (Fig. 6 ). Our data and previous studies (21) indicate that soluble GITRL gains activity by forming superclusters. However, simple dimerization of the ligands compromises its activity by preventing clustering. The hGITRL open trimer may represent a major molecular species in vivo. Assisted by the membrane restriction and receptor interactions, this dimer-trimer-supercluster equilibrium of hGITRL may be shifted bidirectionally in response to varied stimulations. Interestingly, it has been reported that soluble trimeric OX40L, whose structure resembles hGITRL open trimer, also shows low receptor binding activity (43) . Thus, the multiple oligomerization features of hGITRL may represent a general structural principle used by members of the costimulatory subfamily in which soluble trimeric forms are not sufficiently active for minimal signaling.
The interconversion between different levels of the oligomerization emerges as a general principle important for the ligands that function to modulate the receptor-mediated T cell responses. Consequently, manipulation of the oligomeric states of the ligands may have therapeutic value in the treatments of diseases caused by immune deregulation. Relevant in this regard, is the cavity we have now identified on the trimeric interface of hGITRL, which may permit a structure-based search for small molecules that either stabilize or disrupt the trimeric conformation of the ligand.
Methods
Protein Expression and Purification. Human GITRL and GITR extracellular domains were cloned, expressed, and purified as described in SI Text.
Structure Determination and Analysis. The crystal structures of hGITRL were determined in two crystal forms as described in SI Text. Statistics for structure determination are summarized in Table S1 .
Cross-Linking Analysis. Cross-linking analysis using bis(sulfosuccinimidyl)suberate (BS3) (Pierce) was carried out according to the product manual. See details in SI Text.
Surface Plasmon Resonance.
Binding experiments were performed with the surface plasmon resonance as described in SI Text.
Flow Cytometry. Flow cytometry was performed as described in SI Text.
MAPK Activation Assay. MAPK activation assay was performed as described in SI Text.
Note. During the preparation of this manuscript, another group independently performed structural studies of hGITRL (44) . Their study also defined an atypical loosely assembled trimer in which the flexible C termini were disordered, supporting our hypothesis. However, they observed a trimer-monomer equilibrium, different from our observation of hGITRL ensemble that includes dimer, trimer, and supercluster. The discrepancy possibly originates from the truncation of the hGITRL extracellular fragment, as well as from specific experimental methods. 
